Carbon nanofiber films were prepared via a simple chemical vapor deposition (CVD) method on various bulk metal substrates including bulk 316 L stainless steel, pure cobalt, and pure nickel treated by surface mechanical attrition treatment (SMAT). The microstructures of the carbon nanomaterial film were studied by SEM, TEM, XRD, and Raman spectroscopy. In this paper, bulk metallic materials treated by SMAT served as substrates as well as catalysts for carbon nanomaterial film formation. The results indicate that the carbon nanofiber films are formed concerning the catalytic effects of the refined metallic particles during CVD on the surface of SMAT-treated bulk metal substrates. However, distinguished morphologies of carbon nanomaterial film are displayed in the case of the diverse bulk metal substrates.
Introduction
Surface mechanical attrition treatment (SMAT) is proved to be an effective technique to achieve nanocrystallization in the surface layer of the bulk materials by means of severe plastic deformation (SPD). It has been successfully applied in a variety of materials including pure metals, alloys, and steels [1, 2] . With this kind of surface modification, the surface properties, for example, diffusivities, can be greatly enhanced [3] [4] [5] . Carbon nanomaterials, on the other hand, have attracted much attention due to their excellent properties and the inspiring applications [6] . Carbon nanomaterial film with rational structural design synthesized directly on the surface of bulk substrate displays wide potential applications [7, 8] . Thus, various templates or new techniques are developed [9] [10] [11] . However, few of them are facile and of low cost. Recently, using hybrid SMAT, that is, SMAT followed by chemical vapor deposition (CVD), carbon nanomaterials have been successfully synthesized in situ on the surface of bulk transition metals [12, 13] . It is a new way to obtain functional carbon nanomaterial film in situ on bulk metals, which shows many prospective potential applications.
To get more details about the synthesized carbon products, in current work, scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), and Raman spectroscopy were used to characterize the resulting carbon nanomaterials.
Experimental Details
Three metallic plates including stainless steel (AISI 316 L), pure cobalt (purity 99.9%), and pure nickel (purity 99.9%) were chosen as substrates to in situ synthesize carbon nanomaterial films by method of SMAT followed by CVD. The size of plates was 20 mm in diameter and 1 mm in thickness.
Surface modification was firstly applied on the bulk metallic samples by the SMAT process to achieve nanostructured surface layer. The details of the SMAT were described in the literature [2] . Figure 1 displays the schematic illustration of the SMAT setup. Due to the severe plastic deformation introduced on the sample surface by numerous repeated multidirectional impacts, the metallic grains in the surface were refined into the nanometer regime. The key operation parameters of the SMAT process were outlined as the following: the vibration frequency of the ultrasonic system was 20 kHz, the shot diameter was 2 mm, and the perpetual treatment time was 30 min.
Subsequently, a one-step CVD process was adopted for the synthesis of the nanostructured carbon films. The SMAT samples were inserted into the center of a quartz tube furnace, which was heated to 550 ∘ C. A mixture of C 2 H 2 /H 2 /N 2 (50/100/300, v/v/v) was introduced into the tube at a flow rate of 450 sccm (mL/min) and kept for 30 min. After that, the samples were cooled down to room temperature in the furnace with the protection of N 2 atmosphere to obtain the final products.
For the microstructural analysis of carbon nanomaterial films, SEM was carried out on a Sirion, FEI working at 3 kV accelerated voltage. TEM observations were performed using a Philips CM30 microscope working under 300 kV accelerated voltage. XRD analysis was carried out with Cu K radiation. Scans were performed at a rate of 0.05 ∘ /s, in the range of 2 = 20-85 ∘ . Raman scattering measurements were performed with Jobin Yvon Horiba HR 800 micro-Raman system. Scans were in the range 1000-2000 cm −1 , 10 s, 3 to 5 acquisitions per point, using an Ar + laser with wavelength of 488 nm.
Results and Discussions
After CVD process, black thin films have been obviously formed on the surface of the SMAT areas. SEM and TEM characterizations were performed to estimate the nature of the products and to get more detailed information of the morphology. The films were carefully scratched from the substrates and were dispersed in distilled water using ultrasonication to prepare the specimens for TEM observations. The representative SEM and TEM images of the samples were shown in Figure 2 . As can be seen from Figure 2 (a), a mixture composed of amorphous carbon, carbon nanofibers, and metallic particles was synthesized on SMAT 316 L stainless steel substrate. Many metallic particles embedded in amorphous carbon are observed (Figure 2(b) ). In contrast, residual metal particles are rarely observed on the surface of SMAT Co, and the film mainly composed of carbon nanofibers is formed, as shown in Figures 2(c) and 2(d) . The nanofibers have a relatively uniform diameter of about 25 nm despite several much thicker fibers. Most of the carbon nanofibers are curly and entangled with each other. Some metal particles are maintained at the top ends of the fibers, as can be seen from Figure 2 (d), which implies that the growth of the carbon nanofibers on SMAT Co might follow the "depositiondiffusion-nucleation-growth" mechanism. Differing from the morphologies of carbon films on SMAT 316 L stainless and SMAT Co, a thick black film composed of carbon products with the appearance as dust clusters was formed on SMAT Ni. Figures 2(e) and 2(f) show the typical SEM and TEM images of the carbon nanomaterials synthesized on SMAT Ni, indicating long and straight thick fibers with a diameter of over 100 nm. Also, there are relatively thin curly fibers around the straight thick fibers.
The phase composition of SMAT metals after CVD process was studied by XRD. Figure 3 collects the XRD data of the obtained products. For the SMAT 316 L stainless steel (Figure 3(a) ), it is observed that the XRD patterns contain the diffraction peaks of both the austenite phase and the ' martensite phase, indicating that a martensite transformation has taken place during the SMAT process and led to a mixed structure of martensite and austenite. The noncrystal broad peak reveals the presence of the amorphous carbon. The diffraction peak at 2 = (about 26 ∘ ) can be indexed as the (002) graphite reflection. The intensity of the diffraction peaks relates to the graphitization degree of the carbon nanofibers. Result deduced from the XRD patterns suggests that graphite products have formed on the SMAT 316 L stainless steel. For the SMAT Co, as shown in Figure 3(b) , the diffraction peaks of Co are evidently broadened due to the grain refinement. No obvious noncrystal broad peak is observed, indicating that there is hardly amorphous carbon among the products. The representative peak of graphite C (002) is sharp and smooth, which represents the high degree of long-range order of the carbon products. XRD patterns shown in Figure 3 (c) display the peaks of Ni and carbon nanofibers. The representative peak of graphite C (002) (2 = 26 ∘ ) is smooth but broader than that of the carbon nanofibers synthesized on SMAT Co, indicating a lower degree of longrange order of the carbon products. Nevertheless, no obvious noncrystal broad peak representing the amorphous carbon is observed. The broadening peaks of Ni may be attributed to nanocrystallization of the metallic surface layer.
Although using the SEM and TEM can directly observe the microstructure of the carbon nanomaterial, the comprehensive graphitization quality cannot be represented. Raman spectroscopy is one of the most valuable techniques for characterizing the deposited carbon by providing the information about the surface molecular vibration [14] . The carbon bond nature of the deposited carbon products over SMAT 316 L stainless steel, Co, and Ni was characterized by Raman spectroscopy and the obtained results are presented in Figure 4 . As shown in Figure 4(a) , the products synthesized on SMAT 316 L stainless steel exhibit two distinct Raman bands located at around 1359 cm −1 and at around 1597 cm −1 . The peak at 1597 cm −1 is the graphite band (G-band), which implies the high degree of symmetry and order of carbon materials, generally used to identify well-ordered carbon, while the peak at 1359 cm −1 is the disorder-induced phonon mode (Dband), which is attributed either to structural imperfection of graphite or to the presence of nanoparticles as well as to the in-plane carbon-carbon stretching vibrations arising. Its shifts and line-width variations are indications of the defects of the crystal lattice. The ratio of the G-band to the D-band represents the amount of 2 (graphite) clusters in the sample. High G/D ratio represents high graphitization quality. In Figure 4 (a), the intensity of peak D is a little lower than that of peak G, which indicates that the products over SMAT 316 L stainless steel have relatively higher graphitization. The products formed on SMAT Co were also characterized by Raman spectroscopy, as shown in Figure 4 (b). The figure displays two distinct bands located at 1394 cm −1 (D peak) and 1590 cm −1 (G peak). Peak G corresponds to 2 bonding (due to the graphitic structure) and peak D corresponds to 3 bonding (due to the disordered structure in carbon). In this case, the intensity of peak G is much higher than that of peak D, which indicates the carbon with high graphitization. (G-band peak). It is noted that in this case the intensity of D-band peak is comparative with that of G-band peak. This indicates that two-dimensional disorders existed in the basal plane, which is quite common in pyrolytic carbon materials synthesized by CVD. The existence of a carbon sheet turbostratic structure in the carbon nanomaterial can also result in a significant D-band peak.
The catalytic ability of the transition metals to prepare carbon nanomaterial is thought to be related to the complicated factors including their catalytic activity for the decomposition of volatile carbon compounds, the formation of metastable carbides, and the diffusion of carbon through the metal particles [15] . It was reported in the literatures [16, 17] that the high chemical reactivity of the nanocrystallined metal particles (because of numerous grain boundaries) and a large excess energy in form of nonequilibrium defects bring an extra driving force stored in the SMAT metals. The high concentration of the nonequilibrium defects (dislocations and subgrain boundaries) that are induced by plastic deformation may decrease the activation energy of diffusion and act as fast atomic transfer channels as well.
Conclusions
In summary, carbon material films were synthesized on the surface of the SMAT 316 L stainless steel, SMAT Co, and SMAT Ni by means of CVD process. Bulk metallic materials by SMAT surface modification served as substrates as well as catalysts for carbon nanomaterial film formation. Different metallic materials result in carbon nanomaterial film with various morphologies. Carbon nanofibers synthesized on SMAT 316 L stainless steel are not uniform or dense, along with amorphous carbon and many embedded inactive metallic particles. SMAT Co results in rather thin, uniform, and curly carbon nanofibers. These two kinds of carbon nanofibers show significant G-band peak in Raman characterizations, indicating high graphitization in the samples while carbon nanofibers formed on SMAT Ni are straighter, longer, and thicker, showing significant D-band peak in Raman characterization.
